INTRODUCTION
buffaloes, to prevent accumulation of nitrite in vitro.
MATERIALS AND METHODS

Experiment 1: Effect of sodium nitrate on in vitro methane production
Experimental design: Three diets, low concentrate (700 g/kg wheat straw, WS+300 g/kg concentrate mixture, CM; LC), medium concentrate (500 g/kg WS+500 g/kg CM; MC) and high concentrate (300 g/kg WS+700 g/kg CM; HC) were used as substrates. Concentrate mixtures consisted of maize grain, 320; solvent extracted soybean meal, 200; wheat bran, 450 ; a mineral mixture, 20 and salt, 10 g/kg with chemical composition of OM, 895 g; CP, 200 g; EE, 39 g; NDF, 371 g and ADF, 157; hemicellulose, 214 and ash 105 g/kg on DM basis. For each diet, three levels of sodium nitrate (0, 5, 10 mM) in six replicates were examined using the in vitro procedure of Menke and Steingass (1988) .
Preparation of inoculum: Rumen liquor was collected from two cannulated adult male Murrah buffaloes maintained on MC diet (6 kg feed per day in the morning). Rumen liquor was collected immediately before feeding using a metal probe covered with double layered filter mesh and transported in insulated flasks under anaerobic conditions. Rumen fluid from the two buffaloes was pooled in equal proportions and the mixture was used as inoculum.
In vitro gas production test: Wheat straw and CM were milled to pass a 1 mm sieve and 200 mg was weighed into each 100 ml syringe in a manner to obtain the desired WS:CM ratios for LC (700:300), MC (500:500) and HC (300:700) diets. The incubation medium (buffered rumen liquor) was prepared as described by Menke and Steingass (1988) and 30 ml of medium was dispensed anaerobically to each syringe. Sodium nitrate from a stock solution was dispensed anaerobically to the glass syringes to achieve 0, 5 and 10 mM of nitrate in the medium. After recording the initial volume, the syringes were incubated at 39C for 24 h with intermittent shaking at every 6 h. Syringes without substrate were used as blanks.
Estimation of gas, methane, nitrate, nitrite and metabolites: After 24 h of incubation, the gas produced was measured by displacement of piston and corrected by subtracting the gas volume of a blank syringe to yield net gas produced due to substrate fermentation. For estimation of methane , 100 l of gas from the headspace of syringe was injected into a Nucon-5765 Gas Liquid Chromatograph equipped with a thermal conductivity detector and Porapak-Q column (Agarwal et al., 2008) . A mixture of H 2 , CH 4 and CO 2 (100 ml/L, 201 ml/L and 101 ml/L, respectively) was used as a standard. After incubation, syringe contents were transferred into beakers and a sample of fermented liquid medium was used for estimation of metabolites. For estimation of nitrate and nitrite, fermented medium (2 ml) was mixed with 2 ml of 75 mM ZnSO 4 and 2.5 ml of 55 mM NaOH. After 15 min, samples were centrifuged at 2,500g for 10 min at 4C to yield clear supernatant (Cortas and Wakid, 1990) . In the supernatant, nitrate and nitrite were estimated by the procedure of Mir (2008) . Lactic acid and ammonia N in the fermented medium were estimated as described by Barker and Summerson (1941) and Weatherburn (1967) , respectively. A parallel set of syringes was incubated to estimate in vitro true digestibility (IVTD) of feed (Van Soest and Robertson, 1988) . Microbial biomass production (MBM/100 mg digestible dry matter, DDM) was calculated as described by Makkar (2004) .
Experiment 2: Effect of nitrate reducing bacteria on in vitro methane emission
Isolation of nitrate reducing bacteria: A modified Hungate (1969) anaerobic medium was used to isolate nitrate reducing bacteria. The medium contained 10 mM NaNO 3 , 40 mM formic acid and 30 mM each of fumaric and lactic acids Yoshi et al., 2005) . The pH of the medium was adjusted to 6.8 and anaerobically dispensed into roll tubes. For isolation of nitrate reducing bacteria, rumen liquor from an adult male Murrah buffalo adapted to nitrate feeding (0.5 g sodium nitrate/kg of the MC diet) for 20 days, was inoculated to the specific medium. Isolation was done by repeated enrichment on selective medium and plating on solid medium and transferring isolated individual colonies into broth. Isolates were examined for Gram reaction, cell morphology and nitrate reducing ability. Microscopically the isolates were evaluated for purity and, in doubtful cases, the cultures were again serially diluted and plated on agar medium for re-isolation of discrete single colonies. Isolates were grown in the same broth as used for isolation and, after 24 h of incubation, nitrate reducing ability was assessed by measuring remaining nitrate using alpha napthalamine and sulfanilic acid (Quinn et al., 2001) . Individual pure isolates were grown in Hungate medium for 24 h and used for in vitro gas production test.
In vitro gas production test with nitrate reducing bacteria: The medium and syringes were prepared as described in experiment 1 with the MC diet as substrate. The syringes containing substrate without any additive served as control. The syringes with substrate and 10 mM sodium nitrate were used to examine the effect of nitrate inclusion. To estimate nitrate reducing capacity of the bacterial isolates, 3 ml of live or autoclaved culture (1.2 to 2.310 6 cfu/ml) of each isolate was added to the syringes containing substrate and 10 mM sodium nitrate. Each treatment was replicated six times and analyses were done as described in experiment 1. Comparisons were made for each of the treatments with control.
Statistical analysis
The statistical analysis was done using factorial univariate ANOVA with contrast analysis using the model, intercept+diet+treatment+diettreatment to analyze the effect of diet, treatment and their interaction and means were compared using Tukey's test if the main effect was significant (i.e., p<0.05). For the second experiment one way ANOVA was used and means were compared using Tukey's test as per methods of SPSS (2002).
RESULTS
Experiment 1
In vitro gas production was significantly higher (p<0.05) with the HC and MC diets as compared to LC diet. There was gradual decrease in total gas production with the increasing level of nitrate irrespective of the diets (Table 1) . Similarly methane production (ml/g DM) was also higher with HC and MC diets as compared to LC diet but when expressed as ml/g digested dry matter (DDM) the methane production was significantly lower with HC diet as compared to MC and LC diets. By inclusion of nitrate at 5 and 10 mM, methane production was reduced (p<0.001) in a dose dependent manner. The inhibition of in vitro methane production (ml/g DDM) was maximum with the LC diet (54.71 and 60.24%) and was the least with the HC diet (35.91 and 53.03%).
The in vitro true digestibility was the highest for HC diet, intermediate for MC and the lowest for LC diet (Table  1) . Inclusion of nitrate in the medium reduced (p<0.001) the IVTD of the LC and MC diets and the extent of inhibition was similar at both the levels of nitrate. Ammonia N in the medium was lower with the LC diet as compared to MC and HC diets. Inclusion of nitrate increased ammonia N irrespective of diet. Lactic acid production was similar in LC and MC diets but was higher (p<0.05) in HC diet and inclusion of nitrate at 10 mM level decreased (p<0.001) lactic acid concentration in the medium irrespective of diet and reached to non-detectable levels in LC and MC diets. The reduction of nitrate was partial as residual nitrate was found in the fermented medium with all the three diets, however low nitrate residue in HC diet as compared to LC diet indicated faster reduction of nitrate with high concentrate diet. The nitrite produced by reduction of nitrate accumulated in the fermented medium at both the levels of nitrate inclusion and the level of accumulation of nitrite was similar in all the three diets (Table 1) .
Experiment 2
A total of 75 bacteria capable of nitrate reduction were isolated from the rumen of one of our buffaloes adapted to nitrate feeding. Of these 75 isolates, 11 were selected for in vitro studies on the basis of their capacity to reduce nitrate and inhibit methanogenesis in comparison to rest of the isolates. The selected isolates were Gram negative and cocci in shape. The addition of 10 mM nitrate alone resulted in a 69% (14.41 vs. 47.28) reduction in methane production with a 14% reduction (p<0.05) in IVTD of feed. There was accumulation of residual nitrate and nitrite indicating partial reduction of these electron acceptors. Inclusion of autoclaved cultures did not effect methane production, however the level of residual nitrate and accumulation of nitrite was significantly reduced. Inclusion of live cultures of all the eleven isolates along with 10 mM nitrate further reduced in vitro methane production except culture Nos. NRBB 13, and 65. The highest inhibition of 99% (0.47 vs. 14.41) by inclusion of live culture of NRBB 57 without any further reduction in IVTD was demonstrated. Nitrate and nitrite were undetectable once the medium was inoculated with NRBB 57 (Table 2) . Though by inclusion of live culture of other isolates also, nitrate and nitrite were undetectable in the medium but methane inhibition was not at the level 99% as with NRBB57.
DISCUSSION
The results of experiment 1 demonstrate that the high ratio of concentrate in MC and HC diets was responsible for significantly higher gas production as compared to LC diet accompanied with lesser methane emissions (ml/g DDM). It is well known that an increase in rapidly fermentable carbohydrates in diet decreases methane emissions per unit feed digested (Beauchemin et al., 2008) . Inclusion of nitrate resulted in a decrease in in vitro methane emission irrespective of diet. In vitro and in vivo inhibition of methanogenesis by using nitrate as electron acceptor has also been reported earlier (Takahashi and Young, 1991; Sar et al., 2004) . In the present study nitrate was more effective in suppressing CH 4 production on a high forage diet (54.71 and 60.24% vs. 35.91 and 53.03% inhibition with LC and HC diets). Such an effect might be due to many reasons, but the higher numbers of nitrate reducing bacteria might be one of the most important factors as also reported by Asanuma et al. (2002) that the population density of Wollinella succinogenes and Veillonella parvula, two important nitrate reducing ruminal bacteria, increased by changing goats from a high concentrate to a high forage diet. Iwamoto et al. (2001) also found that feeding goats a high forage diet increased nitrate and nitrite reducing capacity of the rumen. Reduction in methane production under in vitro condition due to nitrate and nitrite addition was also reported by Lin et al. (2011) .
An increase in ammonia N in rumen fluid of sheep fed a mixed diet of timothy hay, alfalfa hay and concentrate (400:400:200) with nitrate at 1.3 g NaNO 3 /kg 0.75 has also been reported (Sar et al., 2004) . Inclusion of nitrate in the medium resulted in an accumulation of nitrite and residual nitrate in all the treatments. Burrows et al. (1987) suggested that increasing the level of concentrate in diet enhances bacterial utilization of ammonia N, and that the resulting lower levels of ammonia in turn limits accumulation of nitrite in the rumen. With buffalo rumen liquor as inoculum and by inclusion of nitrate, the lactic acid level in the fermented medium decreased with increasing the concentration of nitrate. Lactate producing bacteria appear to perform an important role in nitrate/nitrite reduction. The production of lactate by these bacteria suppresses methanogenesis as lactate can serve as an electron acceptor as well as increase the activity of nitrate reducing bacteria which utilize lactate as a substrate (Iwamoto et al., 2001 ). This may explain why methane and lactate production were both reduced with inclusion of nitrate in the medium. Our results indicate that nitrate suppresses methanogenesis, but the levels used in our experiment resulted in accumulation of nitrate and nitrite in the fermented medium as a result of partial reduction of nitrate to nitrite and to ammonia. Presence of nitrite in the rumen is toxic for the animal as it enters in to the blood and converts hemoglobin into methemoglobin (McAllister et al., 1996) . Therefore while using nitrate as an alternate electron acceptor to reduce methanogenesis, care has to be taken to avoid nitrite accumulation. Therefore, to enhance the reduction of nitrate to nitrite and to ammonia, another experiment was conducted using live cultures of nitrate reducing bacteria isolated from buffalo rumen. The level of residual nitrate and accumulation of nitrite was significantly reduced without any change in methane production even by inclusion of autoclaved cultures. The reason for this reduction by inclusion of autoclaved culture can only be explained on the basis of assumption that there might be some unknown factors in the culture medium which were responsible for such reduction in residual nitrate and accumulation of nitrite. Inoculation of live culture of NRBB 57 along with 10 mM nitrate resulted in maximum reduction of 99% in methanogenesis among the isolates, with complete absence of nitrate and nitrite in the medium. Increasing the population density of nitrate reducing bacteria in the presence of nitrate has previously been shown to be an effective means of inhibiting methanogenesis . Addition of nitrate to the diet of sheep, along with nitrate-reducing E. coli (Sar et al., 2006) or with -1-4 galacto-oligosaccharides (Sar et al., 2004) has been shown to reduce nitrite accumulation in the rumen, but a further reduction in methane production was not detected. This response differs from ours, where we observed a further decline in methanogenesis as a result of addition of nitrate reducing bacteria. In addition to that inoculated isolates prevented accumulation of nitrite, suggesting that they might also provide protection against nitrite toxicity when nitrate is used as a method of lowering methane production in the rumen.
CONCLUSION
Nitrate inclusion in the incubation medium reduced in vitro methanogenesis by 69% accompanied by a 14% depression in IVTD. Methane reduction was enhanced to 99% in relation to control without any further adverse effect on IVTD of feed by adding a live culture of NRBB 57 to a MC diet. Among 11 bacterial isolates, NRBB 57 exhibited the highest nitrate and nitrite reducing capacity as there was no residual nitrate or nitrite remaining in the incubation medium. Therefore, a combination of nitrate and NRBB 57 might prove useful as a means to reduce methanogenesis in ruminants after standardizing the in vivo dose to achieve maximum methane inhibition without adverse effects on diet digestibility.
